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Then, the 9-week-old mice were intraperitoneally injected with saline or PCPA (500 mg/kg) once daily for 3 days. Daily food intake and body weight changes were determined. At the fourth day, the animals were decapitated and blood was obtained for the measurement of blood glucose, plasma FGF21 and insulin levels. The liver was excluded for determining mRNA levels.
The experiment was performed between 9:00-12:00. PCPA was purchased from Sigma Chemical Co., Japan. The PCPA was suspended in 0.2 ml 1% Tween saline. The dose of PCPA (500 mg/kg) was selected based on evidences that treatment with PCPA for 3 days remarkably decreased brain 5-HT and serum 5-HT levels in mice [11, 12] .
Whole blood was mixed with EDTA-2Na (2 mg/ ml) and aprotinin (500 kIU/ml) to determine the plasma levels of FGF21. Plasma levels of FGF21 and insulin were measured by an enzyme-linked immunosorbent assay (rat/mouse FGF21 ELISA kits; R&D System, Tokyo, Japan, mouse Insulin ELISA KIT (TMB) (AKRIN-011T, Shibayagi, Gunma, Japan) as described previously [14, 15] . Blood glucose levels were measured using glucose strips (blood glucose monitoring system; AccuCheck, Roche Diagnostics, Tokyo, Japan). The animal studies were conducted in accordance with the institutional guidelines for animal experiments at the Tohoku University Graduate School of Medicine.
Real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from mouse liver using the RNeasy Midi kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. cDNA synthesis was performed using a Super Script III First-Strand Synthesis System for RT-PCR Kit (Invitrogen, Rockville, MD) with 1 g total RNA. cDNA synthesized from total RNA was evaluated in a real-time PCR quantitative system (LightCycler Nano Instrument Roche Diagnostics, Mannheim, Germany). The primers used were listed in Table 1 .
Introduction
Fibroblast growth factor 21 (FGF21) is primarily secreted by the liver as an endocrine hormone [1] . Circulating FGF21 is elevated in fasted state [2] , mice fed a high-fat diet, ob/ob mice [2] [3] [4] , and obese humans [5] . Because mice lacking FGF21 fed a high-fat diet enhances insulin resistance [2] , FGF21 is suggested as an insulin sensitizer. Peroxisome proliferator-activated receptor (PPAR) , PPARactivating transcription factor 4 (ATF4), and nuclear factor (erythroidderived 2)-like 2 (Nrf2) are transcriptional factors of FGF21 in the liver [6] [7] [8] [9] [10] .
Tryptophan hydroxylase (Tph) is the initial and rate-limiting enzyme in the synthesis of serotonin (5-HT). Systemic administration of p-chlorophenylalanine (PCPA), a Tph inhibitor, remarkably decreases serum and brain 5-HT levels in mice [11, 12] and prevents obesity and impaired glucose tolerance in mice fed a highfat diet [13] . Circulating FGF21 levels in type 2 diabetic mice and the effect of a Tph inhibitor on hepatic FGF21 production and gluconeogenesis in type 2 diabetic mice, however, remains unclear.
To determine hepatic FGF21 production in type 2 diabetic mice, we examined plasma FGF21 levels and hepatic FGF21 expression in db/db mice with impaired leptin receptors compared with C57BL6J mice matched for age.
To determine the role of 5-HT in the regulation of hepatic gluconeogenesis and FGF21 production in type 2 diabetic mice, we examined the effects of treatment with PCPA on food intake, body weight, blood glucose, plasma FGF21 and insulin levels, expression of hepatic genes involved in gluconeogenesis, and expression of hepatic FGF21 and the transcriptional factors of FGF21 in db/db mice.
Materials and Methods

General procedures
Six-week-old male db/db mice and C57BL6J mice were purchased from Japan CLEA. The mice were individually housed in cages with free access to water and chow pellets in a lightand temperature-controlled environment (12 h on/12 h off, lights on at 08:00; 20°C -22°C).
9-week-old db/db mice and C57BL6J mice were decapitated and blood was obtained for the measurement of plasma FGF21 levels. The liver was excluded for determining mRNA levels.
A Tryptophan Hydroxylase Inhibitor Increases Hepatic FGF21 Production and Decreases Hepatic Gluconeogenesis Independently of Insulin in db/db Mice performed using Student's t-test. A P value of less than 0.05 was considered statistically significant. Comparisons between more than two groups were performed using analysis of variance with Bonferroni's correction for multiple comparisons.
Results
Plasma FGF21 levels ( Figure 1A ) and hepatic FGF21 expression ( Figure 1B ) was significantly decreased in db/db mice compared with agematched C57BL6J mice.
Intraperitoneal injection of PCPA (500 mg/ kg) for 3 days significantly decreased daily food intake (Figure 2A ), body weight ( Figure  2B ) and blood glucose ( Figure 2C ) compared with saline controls in db/db mice while having no significant effect on plasma insulin levels ( Figure 2D ). On the other hand, intraperitoneal injection of PCPA (500 mg/kg) for 3 days significantly increased and plasma FGF21 levels compared with saline controls in db/db mice ( Figure 2E ). Intraperitoneal injection of PCPA (500 mg/kg) for 3 days had no significant effects on daily food intake, body weight changes, plasma FGF21 levels and expression of hepatic FGF21 in C57BL6J mice (data not shown).
Treatment with PCPA for 3 days significantly decreased phosphoenolpyruvate carboxykinase (PEPCK), glucose 6-phosphatase (G6Pase), fructose 1,6-bisphosphate1 (Fbp1), Nur77, forkhead box protein O1 (FoxO1) and peroxisome proliferator-activated receptor  coactivator-1 (PGC1which are involved in hepatic gluconeogenesis ( Figure  3A) . In addition, treatment with PCPA for 3 days significantly increased expression of hepatic FGF21 (5.8-fold increase) and decreased expression of hepatic Nrf2 (35% decrease) while having no significant effects on expression of hepatic PPARα, PPAR, and ATF4 ( Figure  3B ).
Discussion and Conclusion
Although plasma FGF21 levels are reportedly elevated in obese rodents and human [2] [3] [4] [5] , the results of the present study demonstrated that plasma FGF21 levels and hepatic FGF21 expression were lower in obese and diabetic db/ db mice than normal C56BL6J mice matched for age. In addition, our results demonstrated that treatment with PCPA increased plasma FGF21 levels and expression of hepatic FGF21 in db/db [16] [17] [18] in db/db mice. From these findings, we raise a hypothesis that 5-HT might contribute to the decreases in plasma FGF21 levels and hepatic FGF21 expression, and the increases in blood glucose levels and hepatic gluconeogenesis in insulin-independent diabetic db/db mice.
We have previously reported that treatment with PCPA for 3 days suppresses daily food intake, body weight gain and the increases in plasma FGF21 levels and insulin levels in C57BL6J mice fed a high-fat diet [19] . Moreover, treatment with PCPA significantly increases expression of hepatic Nrf2 and decreases expression of hepatic FGF21 in mice fed a high-fat diet [19] . Despite decreases in daily food intake and body weight, treatment with PCPA had different effects on plasma FGF21 levels and expression of hepatic FGF21 and Nrf2 in mice fed a high-fat diet and
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db/db mice. Thus, the different effect of PCPA on hepatic FGF21 production are independent of changes in daily food intake and body weight, and could be due to the differences in blood glucose levels and hepatic gluconeogenesis. Although mice fed a high-fat diet for 9 weeks display normal blood glucose levels [19] , db/ db mice displayed remarkable hyperglycemia. Although plasma FGF21 levels and hepatic FGF21 expression are increased in obese mice fed a high-fat diet, they were decreased in diabetic db/db mice associated with increased hepatic gluconeogenesis. Thus, 5-HT could contribute to the pathophysiological mechanisms of diet- Treatment with PCPA for 3 days remarkably decreases brain 5-HT and serum 5-HT levels in mice [11, 12] . Although treatment with PCPA increases expression of hypothalamic 5-HT2C receptor and POMC, which may lead to feeding suppression [19] , and increases energy expenditure via brown adipose tissues, which leads to weight loss [13] , the present study demonstrated that changes in plasma FGF21 levels and hepatic FGF21 expression induced by treatment with PCPA were independent of decreases in food intake and body weight. Liver does not produce 5-HT and gut-derived 5-HT has substantially contributed to serum 5-HT levels. Gut-derived 5-HT may therefore contribute to the regulation of hepatic FGF21 production and gluconeogenesis in vivo. We, however, cannot completely rule out role of brain 5-HT in the regulation of hepatic FGF21 production and gluconeogenesis.
In summary, these findings suggest that hepatic FGF21 production is decreased in db/db mice, and that a Tph inhibitor increases hepatic FGF21 production, and decreases hyperglycemia and hepatic gluconeogenesis in db/db mice.
